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Impact of substituent position on crystal structure and 
photoconductivity in 1D and 2D lead(II) benzenethiolate 
coordination polymers 

Ryohei Akiyoshi,*a Akinori Saeki,b Kazuyoshi Ogasawara,a and Daisuke Tanaka *a 

Coordination polymers containing a sulfur coordination atom (S-CPs) are an emerging class of materials with unique 

optoelectronic properties resulting from their inorganic metal–sulfur (–M–S–)n networks. Although the structural 

dimensionalities of (–M–S–)n networks govern the semiconductive properties of S-CPs, few systematic investigations have 

examined the impact of these dimensionalities on their semiconductive nature. In this study, we explored the relationship 

between the (–Pb–S–)n dimensionality and photoconductivity. We systematically synthesized Pb(II) S-CPs with the formula 

[Pb(x-SPhOMe)2] (x = ortho (KGF-32), meta (KGF-33), and para (KGF-34); HSPhOMe = methoxybenzenthiol). Single-crystal X-

ray diffraction showed that KGF-32 and KGF-34 featured holodirected coordination spheres, but 1D (–Pb–S–)n chains with 

[PbO2S4] octahedra and 2D (–Pb–S–)n layers with [PbS6] octahedra, respectively. In contrast, KGF-33 features a 1D (–Pb–S–)n 

chain comprising a hemidirected [PbS5] coordination sphere. Notably, time-resolved microwave conductivity measurements 

and first-principles calculations revealed that the 2D-extended (–Pb–S–)n layer with the holodirected [PbS6] octahedron 

observed in KGF-34 served as a pathway for electron mobility. The findings of this study provide further design strategies 

for fabricating highly photoconductive Pb(II) S-CPs.

Introduction 

Coordination polymers containing a sulfur coordination atom 

(S-CPs)1–5 have attracted increasing attention because of their 

potential applications in photocatalysts,6–8 gas sensors,9–11 and 

electronic devices.12–14 The inorganic (–M–S–)n structures of the 

S-CPs induce unique optoelectronic properties such as visible-

light absorption and high charge mobility.15,16 As the structural 

dimensionalities of the (–M–S–)n networks significantly affect 

the band gap energies and charge mobilities of S-CPs,17 the 

engineering of the (–M–S–)n network structure based on the 

precise design of organic ligand moieties is crucially important 

for fine-tuning semiconductive properties. However, to date, 

there have been few systematic investigations into the tuning 

of the (–M–S–)n dimensionalities of S-CPs. 

Benzenethiol derivatives (HSPhX, X = substituents) are 

promising organic ligands for the construction of S-CPs with a (–

M–S–)n network. The HSPh-derived ligands have facile potential 

for modification, thus yielding 1D,18–20 2D,12,21,22 and 3D (–M–S–

)n networks23–25 that serve as pathways for charge 

delocalization.5 For example, S-CPs containing 3d transition 

metal ions (i.e. Mn2+, Fe2+, and Co2+) often exhibit 1D 

architectures with 1D (–M–S–)n chains.26–28 Conversely, S-CPs 

with d10 coinage metal ions (i.e., Cu+, Ag+, and Au+) undergo a (–

M–S–)n dimensionality change depending on substituent 

species.12,18,29 A recent report also showed that the electron-

donating ability of the substituent employed on the HSPh 

skeleton in the Pb(II) S-CPs affects the (–M–S–)n 

dimensionality.30 Although the effect of substituent species on 

the obtained (–M–S–)n networks has been well investigated in 

the aforementioned study, the correlation between (–M–S–)n 

dimensionalities and semiconductive properties such as 

photoconductivity has remained unclear. To further elucidate 

the aforementioned correlation, a systematic synthesis of S-CPs 

with the same composition but different (–M–S–)n 

dimensionalities is required. 

In the present study, we focused on Pb(II) ion because Pb(II) S-

CPs reported by our group serve as excellent semiconductive 

materials that are utilized as photocatalysts.6,7 Furthermore, 

Pb(II) S-CPs exhibit either a holodirected coordination sphere 

whose Pb–S bonds are distributed throughout the surface of an 

encompassing globe or a hemidirected coordination sphere 

whose Pb–S bonds are directed throughout only part of an 

encompassing globe depending on ligand design.31 As the 

holodirected coordination sphere forms more covalent bonds 

than those of the hemidirected coordination sphere, the local 
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structure around Pb(II) centers as well as the (–Pb–S–)n 

dimensionality are expected to influence the semiconductive 

properties in the Pb(II) S-CPs. However, the impact of the local 

coordination structure and (–Pb–S–)n dimensionality on the 

photoconductivity of Pb(II) S-CPs remains largely unexplored. 

Herein, we investigated the influence of the local structure 

around Pb(II) ions and (–Pb–S–)n network structures on 

semiconductive properties by systematically synthesizing Pb(II) 

S-CPs with methoxybenzenethiol (HSPhOMe) ligands (Fig. 1). By 

changing the position of the methoxy substituent on the HSPh 

skeleton, we synthesized three Pb(II) S-CPs with a formula of 

[Pb(x-SPhOMe)2]n (x = ortho (KGF-32), meta (KGF-33), and para 

(KGF-34); HSPhOMe = methoxybenzenthiol) and analyzed their 

photoconductivity using time-resolved microwave conductivity 

(TRMC) and first-principles calculations. 

Results and discussion 

Single crystal X-ray diffraction (SCXRD) analyses 

The syntheses were performed in an autoclave using the 

solvothermal method (see the Experimental Section). Single 

crystals of KGF-32, KGF-33, and KGF-34 were obtained as pale-

yellow needle crystals, light-yellow needle crystals, and dark 

brown plate crystals, respectively (Fig. 1, S1). The crystal 

structures were determined using single-crystal X-ray 

diffraction (SCXRD) at 150 K. The crystal parameters are 

presented in Table S1, with the full structural data available 

from the CCDC (CCDC number: 2308865, 2308866, and 

2308867). KGF-32 crystallizes in the monoclinic P21/c space 

group. The asymmetric unit consists of one Pb(II) ion and two 

chelating o-SPhOMe– anions (Fig. S2a). The Pb(II) center was 

coordinated by two O atoms of the methoxy group and four S 

atoms of the thiolate, yielding a holodirected coordination 

geometry with a distorted [PbO2S4] octahedron (Fig. 2a). The 

Pb–O bond lengths are 2.703 and 2.862 Å, whereas the Pb–S 

bond distance falls in the range 2.689–3.384 Å (Fig. S3a). The S 

atoms of thiolate act as a μ2-S atom (Fig. S4a), which connects 

the neighboring [PbO2S4] octahedra by edge sharing, 

consequently forming a 1D structure along the c-axis (Fig. 2b). 

Thus, KGF-32 has a 1D structure containing a 1D (–Pb–S–)n chain 

with holodirected [PbO2S4] octahedra (Fig. S5a). Furthermore, 

1D chains were arranged by interchain interactions being C–

H···π and C–H···O interactions (Fig. S6a). 

Similar to KGF-32, KGF-33 crystallized in the monoclinic P21/c 

space group, and the formation of a 1D-extended structure was 

evident. However, in contrast to KGF-32 which features a 

holodirected coordination sphere with a [PbO2S4] octahedron, 

KGF-33 features a hemidirected coordination mode with a 

[PbS5] square pyramidal coordination geometry and five S 

atoms of m-SPhOMe bound to the Pb(II) ion (Fig. 2c). The Pb–S 

bond lengths were in the range 2.693–3.204 Å (Fig. S3b). The S 

atoms exhibit two coordination modes: S1 is a μ2-S atom, 

whereas S2 is a μ3-S atom (Fig. S4b). The μ2-S1 atom behaves as 

a bridging atom to form a dinuclear coordination unit (Fig. S7). 

In contrast, the μ3-S2 atom serves to bridge the dinuclear units, 

forming a 1D chain structure along the a-axis (Fig. 2d, S5b). 

Consequently, KGF-33 features a 1D chain structure composed 

of a 1D (–Pb–S–)n chain in the hemidirected [PbS5] coordination 

 

Fig. 1. Schematic illustration of structures for [Pb(x-SPhOMe)2]n (x = ortho (KGF-32), meta (KGF-33), and para (KGF-34). From left to right: Coordination 
modes of SPhOMe ligands, local structures around Pb(II) ions, (–Pb–S–)n dimensionality, photographs of corresponding samples. 
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mode. The resultant 1D chains were further assembled by weak 

interchain interactions of C–H···H–C and C–H···O (Fig. S6b). 

KGF-34 was prepared using p-HSPhOMe crystallized in the 

monoclinic space group P2/n, consistent with recently reported 

literature.30 It contained two crystallographically non-

equivalent Pb(II) ions (Fig. S2c), whose Pb(II) centers had a 

holodirected coordination structure with a [PbS6] octahedron 

(Fig. 2e, g). The Pb–S bond length was 2.835–3.321 Å (Fig. S3c). 

All S atoms serve as μ3-S to form a 2D layer structure parallel to 

the ab-plane (Fig. S4c). Notably, the 2D layer of KGF-34 contains 

a 2D-extended (–Pb–S–)n layer comprising holodirected [PbS6] 

octahedra (Fig. 2f, 2h, S5c). The resultant 2D layer was stacked 

by weak interactions between C–H···O atoms with an interlayer 

distance of 17.210 Å (Fig. S6c, S8). 

According to previously reported literature,30,31 the electron 

density of thiol groups has a significant impact on both the local 

structure around the Pb(II) ions and the coordination numbers, 

which in turn undergo a (–Pb–S–)n dimensionality change. 

Specifically, the increased electron density of the thiol group 

contributes to the transition from the hemidirected to the 

holodirected mode and increases the coordination number of 

the Pb–S unit, consequently resulting in the formation of a 2D 

(–Pb–S–)n layer. In the current study, a structural change in the 

coordination sphere, depending on the position of the methoxy 

substituents, was evident. As anticipated, KGF-33 with an 

electron-donating methoxy substituent at meta-position 

featured a hemidirected [PbS5] structure, whereas KGF-32 and 

KGF-34 with methoxy substituents at ortho- and para-positions 

exhibited holodirected structures with [PbO2S4] and [PbS6] 

units, respectively. These structural variations in the 

coordination sphere also influence the dimensionality of the (–

Pb–S–)n structure. KGF-33 exhibited a 1D (–Pb–S–)n chain 

structure attributed to its hemidirectional structure, whereas 

KGF-34 displayed a 2D (–Pb–S–)n layer due to its holodirectional 

structure. These results are consistent with the previously 

reported trends. Notably, KGF-32 with a methoxy substituent at 

the ortho-position featured a 1D (–Pb–S–)n chain despite its 

holodirected structure. This may be attributed to the presence 

of O coordination atoms that disturb the 2D extension of the (–

Pb–S–)n network through μ3-S atoms, thereby leading to the 

formation of a 1D chain structure. The purities of the respective 

products were confirmed by powder X-ray diffraction (PXRD) 

and elemental analyses before the physical measurements (Fig. 

S9). 

Thermal and chemical stability 

The thermal stabilities of KGF-32, KGF-33, and KGF-34 were 

investigated by thermogravimetry analyses (TGA). Fig. S10 

displays TG–DSC plots in the temperature range 30−600 ºC 

under N2 atmosphere, wherein no weight loss was observed up 

to approximately 187 ºC for KGF-32, 136 ºC for KGF-33, and 205 

ºC for KGF-34. The enhanced thermal stabilities of KGF-32 and 

KGF-34 may be attributed to the holodirectional structures with 

a more covalent Pb–S bond. The chemical stability in water, 1 M 

HCl aq, 1 M NaOH aq, and organic solvents was also examined 

by obtaining the PXRD pattern for the sample, which had been 

immersed in the corresponding solvent for 24 h. As depicted in 

Fig. S11, all S-CPs exhibited remarkable stability in water. 

However, KGF-32 and KGF-34, which have holodirected 

coordination spheres, were unstable under acidic conditions 

but remained stable under basic conditions. Conversely, KGF-

33, featuring a hemidirected coordination sphere, exhibited 

instability under both acidic and basic conditions. The resistance 

to basic conditions observed in KGF-32 and KGF-34 may be 

attributed to the holodirected coordination spheres with a 

more covalent Pb–S bond. The series of Pb(II)-based S-CPs also 

exhibited remarkable stability in organic solvents (Fig. S12). 

Accordingly, the resultant thermal and chemical stabilities may 

be attributed to the strong bonds between the Pb(II) ions and 

the S coordination atoms. 

Semiconductive properties 

The electronic and optical properties were evaluated using 

diffuse-reflectance ultraviolet−visible−near-infrared 

(DR−UV−Vis−NIR) spectroscopy. KGF-32 and KGF-33 display 

broad absorption below 500 nm, whereas KGF-34 shows visible 

light absorption with an absorption edge at 765 nm (Fig. 3a). By 

extrapolating a Tauc plot in the forms of [F(R) × hʋ]1/2 vs. hʋ for 

 

Fig. 2. Crystal structures of KGF-32, KGF-33, and KGF-34. (a) 
Holodirected sphere with a [PbO2S4] octahedron; (b) 1D chain structure 
of KGF-32; (c) Hemidirected sphere with a [PbS5] square pyramid; (d) 1D 
chain structure of KGF-33; (e)(g) Holodirected [PbS6] octahedron; and 
(f)(h) 2D layer structure of KGF-34. Color code: Pb: green, S: yellow, C: 
grey, O: red, H: white. 
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the indirect semiconductors (KGF-33 and KGF-34) and [F(R) × 

hʋ]2 vs. hv for the direct semiconductor (KGF-32) (see the 

following first-principles calculation results), the optical 

bandgaps of KGF-32, KGF-33, and KGF-34 were estimated to be 

2.93, 2.51, and 1.64 eV, respectively (Fig. 3b). Photoelectron 

yield spectroscopy (PYS) was employed for determining the 

absolute valence band maximum (VBM) level,32 in which the 

VBM levels were determined to be –5.66, –5.63, and –5.18 eV 

below the vacuum level for KGF-32, KGF-33, and KGF-34, 

respectively (Fig. S13). Considering the optical bandgap 

obtained from the DR–UV−Vis−NIR results, the absolute 

conduction band minimum (CBM) levels of KGF-32, KGF-33, and 

KGF-34 were determined to be –2.73, –3.12, and –3.54 eV 

below the vacuum level, respectively (Fig. 3c).  

The photoconductive properties of KGF-32, KGF-33, and KGF-34 

were investigated using TRMC experiments. TRMC is a 

contactless technique that uses high-frequency microwaves to 

probe the laser-induced transient increase in conductivity, 

providing information on charge transport on a multi-

nanometer length scale.33,34 The φΣμmax values (φ = quantum 

yield of charge-carrier generation; Σμ = sum of the hole and 

electron mobilities) were determined to be 2.5 × 10–5 cm2 V–1 s–

1 for KGF-32, 3.8 × 10–5 cm2 V–1 s–1 for KGF-33, and 1.4 × 10–3 

cm2 V–1 s–1 for KGF-34 (Fig. 3d and S14). The φΣμmax value of 

KGF-34 is two orders of magnitude higher than those of KGF-32 

and KGF-33. Notably, the φΣμmax value obtained for KGF-34 is 

the highest among the previously reported photoconductive 

CPs and MOFs (Table S2). This remarkable photoconductivity 

reflects the coordination environment around the Pb(II) ion and 

(–Pb–S–)n dimensionality, as discussed below. 

First-principles calculations 

In the Pb(II) S-CPs, the local structure around the Pb(II) centers 

and the (–Pb–S–)n dimensionality are expected to affect the 

 

Fig. 4. Band structures and DOS profiles of (a) KGF-32, (b) KGF-33, and (c) KGF-34. VBM energy level is presented as zero. 

 

Fig. 3. Semiconductive natures of KGF-32, KGF-33, and KGF-34. (a) DR–UV–Vis–NIR spectra; (b) Tauc plot; (c) Electronic energy diagram below vacuum 
level. The VBM energy level was determined by PYS experiments, as depicted in Fig. S13; and (d) Results of TRMC experiments (λex = 355 nm; red: KGF-
32, blue: KGF-33, green: KGF-34). 
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electronic structures because the bond of the holodirected 

structure is more covalent than that observed in the 

hemidirected structure. Therefore, we evaluated the band 

structure using first-principles calculations to elucidate the 

relationship between crystal structure and photoconductivity 

(details of the calculation method are presented in the ESI).35 

The calculations demonstrated that KGF-32 is an indirect 

transition semiconductor, whereas KGF-33 and KGF-34 are 

direct transition semiconductors. The calculated bandgaps, 

determined by the energy difference between the VBM and the 

CBM, are 2.84 eV for KGF-32, 2.58 eV for KGF-33, and 1.18 eV 

for KGF-34. These values are in good agreement with the trends 

obtained from DR–UV–Vis–NIR spectroscopy. Notably, the 

calculated band gaps were typically lower than the 

experimental values.36 In the simulated band structures, KGF-

32 and KGF-33 each had flat bands with a dispersion width < 0.3 

eV in both the VBM and CBM (Fig. 4a, b). KGF-34 also showed a 

relatively flat band in the VBM while exhibiting an anomalous 

CBM dispersion with a dispersion width of approximately 1.6 eV 

(Fig. 4c). The direction of the CBM dispersion obtained for KGF-

34 corresponded to the in-plane direction of the 2D layer (G–Y, 

A–B, and D–E). Because typical semiconductive CPs possess a 

flat band structure with < 0.3 eV dispersion widths, the resultant 

steep CBM dispersion of KGF-34 strongly indicates that the 

electron mobility of KGF-34 along the 2D layer structure is 

remarkable. The band dispersion trends observed for KGF-32, 

KGF-33, and KGF-34 are fully consistent with the TRMC results. 

Density of states (DOS) analyses provided additional insight into 

the origin of the bands from the elements, where the black line 

represents the total DOS, and the other colored lines represent 

the partial DOS (PDOS). In the PDOS analyses of KGF-32 and 

KGF-33, the C and S atoms largely contributed to the VBM. The 

CBM of KGF-32 was dominated by Pb and C atoms, with a 

negligible contribution from S atoms, whereas the CBM of KGF-

33 mainly consisted of Pb, with small contributions from S and 

C atoms. For KGF-34, the VBM mainly consisted of C and S atoms, 

whereas the CBM largely consisted of Pb and S atoms. The 

distribution of the VBM and CBM also supported the PDOS 

results (Fig. S15, S16, and S17). In particular, the VBM of KGF-34 

was localized on the SPhOMe ligands, whereas the CBM was 

delocalized through the 2D (–Pb–S–)n layer. These results clearly 

reveal that the 2D (–Pb–S–)n layer, composed of holodirected 

[PbS6] coordination spheres, serves as a pathway for electron 

mobility. 

Overall, the series of Pb(II) S-CPs exhibited photoconductivity 

that reflected the local structure around the Pb(II) ions and (–

Pb–S–)n dimensionality. As expected, KGF-33 with methoxy 

substituents at the meta-position displayed poor 

photoconductivity with a flat band owing to the hemidirected 

coordination sphere with more ionic bonds. In contrast, KGF-34 

with methoxy substituents at the para-position exhibited high 

photoconductivity with a large CBM dispersion because of its 

holodirected coordination environment with more covalent 

bonds. Although KGF-32 with methoxy substituents at the 

ortho-position featured a holodirected coordination sphere, it 

exhibited lower photoconductivity than KGF-33 and KGF-34. 

From this perspective, we suggest that a 2D-arranged, 

holodirected [PbS6] octahedron is crucial for constructing a 

pathway for electron mobility.  

Conclusions 

We systematically synthesized three Pb(II) S-CPs of 

[Pb(SPhOMe)2]n with various coordination environments and 

inorganic (–Pb–S–)n dimensionalities by changing the positions 

of the methoxy substituents. Because of the electron-donating 

methoxy group at the ortho- and para-positions, KGF-32 and 

KGF-34 featured holodirected coordination spheres, 1D (–Pb–

S–)n chains with [PbO2S4] octahedra and 2D (–Pb–S–)n layers 

with [PbS6] octahedra, respectively. In contrast, KGF-33 with a 

methoxy substituent at the meta-position features a 1D (–Pb–

S–)n layer comprising a hemidirected [PbS6] coordination 

sphere. Our systematic investigation using TRMC 

measurements and first-principles calculations revealed that a 

2D-extended (–Pb–S–)n layer composed of holodirected [PbS6] 

octahedra is crucial for inducing high electron mobility. These 

results provide new insights into design strategies for 

fabricating highly photoconductive Pb(II) S-CPs. 

Experimental 

Materials 

Pb(NO3)2 (≥99.9%) and methanol (MeOH) (≥99.5%) were 

purchased from FUJIFILM Wako Pure Chemical Industries, 

Osaka, Japan. o-Methoxybenzenethiol (o-HSPhOMe) (≥98.0%), 

m-methoxybenzenethiol (m-HSPhOMe) (≥98.0%), and p-

methoxybenzenethiol (p-HSPhOMe) (≥96.0%) were obtained 

from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. Acetone 

(≥99.0%) was obtained from Kanto Chemical Co., Inc. (Japan). 

All chemicals and solvents employed in the synthesis were of 

reagent grade and used without further purification. 

Synthetic procedures 

Synthesis of KGF-32. Pb(NO3)2 (198.7 mg, 0.6 mmol) and o-

SPhOMe (168.2 mg, 1.2 mmol) were dissolved in MeOH/H2O 

(8.0 mL, v:v = 1:1) and sealed in a 16 mL Teflon-lined stainless-

steel container. The solution was heated to 60 °C for 48 h. Then, 

the container was cooled to 30 °C for 12 h in the autoclave. The 

residue was collected by centrifugation (4000 rpm, 3 min) and 

washed with MeOH. The resulting solid was dried under vacuum 

to yield the product as pale-yellow, needle-like crystals. Yield: 

94.6 mg (66.6%). Anal. C14H14O2PbS2: calcd. C 34.63, H 2.91, N 

0.00; found. C 34.62, H 2.87, N 0.00. 

Synthesis of KGF-33. Pb(NO3)2 (198.7 mg, 0.6 mmol) and m-

SPhOMe (168.2 mg, 1.2 mmol) were dissolved in acetone/H2O 

(8.0 mL, v:v = 1:1) and sealed in a 16 mL Teflon-lined stainless-

steel container. The solution was heated to 80 °C for 48 h. 

Subsequently, the container was cooled to 30 °C for 12 h in the 

autoclave. The residue was collected by centrifugation (4000 

rpm, 3 min) and washed with MeOH. The resulting solid was 

dried under vacuum to yield the product as yellow needle-like 
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crystals. Yield: 116.6 mg (40.0%). Anal. C14H14O2PbS2: calcd. C 

34.63, H 2.91, N 0.00; found. C 34.54, H 2.87, N 0.00. 

Synthesis of KGF-34. Pb(NO3)2 (198.7 mg, 0.6 mmol) and p-

SPhOMe (168.2 mg, 1.2 mmol) were dissolved in acetone/H2O 

(8.0 mL, v:v = 1:1) and sealed in a 16 mL Teflon-lined stainless-

steel container. The solution was heated to 80 °C for 48 h. Then, 

the container was cooled to 30 °C for 12 h in the autoclave. The 

residue was collected by centrifugation (4000 rpm, 3 min) and 

washed with MeOH. The resulting solid was dried under vacuum 

to yield the product as dark-brown crystalline sheets. Yield: 

131.6 mg (45%). Anal. C14H14O2PbS2: calcd. C 34.63, H 2.91, N 

0.00; found. C 34.60, H 2.65, N 0.00. 

Methods 

Single crystal X-ray diffraction (SCXRD). SCXRD data were 

collected on a Rigaku Saturn CCD diffractometer equipped with 

Mo-Kɑ radiation (λ = 0.71073 Å). The diffraction profiles were 

integrated using the CrysAlisPro software. The structures were 

obtained by direct methods using the SHELXT program and 

refined using SHELXL.37,38 Anisotropic thermal parameters were 

used to refine all non-H atoms. All the calculations were 

performed using the Olex2 crystallographic software package.39 

Diffuse-reflectance ultraviolet–visible–near-infrared (DR–UV–Vis–

NIR) spectroscopy. DR–UV–Vis–NIR spectroscopy was performed 

using a SHIMADZU UV-3600 UV–Vis–NIR spectrophotometer at 

wavelengths ranging from 200 nm to 1000 nm. BaSO4 powder 

was used as the non-adsorbing background. The bandgaps were 

calculated using the Kubelka–Munk function and the following 

equation:  

𝑲

𝑺
= 𝑭(𝑹) =

(𝟏 − 𝑹)𝟐

𝟐𝑹
 

where K is the absorption coefficient, S the scattering factor, R 

the reflectance, and F(R) the KM function. The bandgap was 

determined from the Tauc plot with [𝑭(𝑹) × 𝒉𝝊]𝟏 𝟐⁄  𝒗𝒔. 𝒉𝝊 (for 

the indirect semiconductors) and [𝑭(𝑹) × 𝒉𝝊]𝟐 𝒗𝒔. 𝒉𝝊 (for the 

direct semiconductor) by extrapolating the linear region to the 

abscissa. 

Photoelectron yield spectroscopy (PYS). Crystalline samples 

were placed on a conductive carbon tape on a glass substrate, 

which was connected to the earth wire in a vacuum chamber 

(10–4 Pa) of a Bunko Keiki BIP-KV202GD instrument. The sample 

was exposed to monochromated ultraviolet (UV) light (4–7 eV 

corresponding to 355 to 177 nm), and the photoelectrons 

emitted from the sample were detected. The photon number 

(power) of UV light was measured by a photodetector prior to 

the experiment.  

Time-resolved microwave conductivity (TRMC) measurement. 

Crystalline samples on an adhesive tape attached to a quartz 

substrate were placed in the resonant cavity and exposed to 

continuous microwave radiation at approximately 9.1 GHz. The 

third harmonic generation (355 nm) of a Nd:YAG laser 

(Continuum Inc., Surelite II, pulse duration = 5–8 ns, 10 Hz) was 

used as the excitation source (incident photon density I0 = 9.1 × 

1015 photons cm−2 pulse−1). The photoconductivity (Δσ = A–1 ΔPr 

Pr
–1 where A is the sensitivity factor, Pr is the reflected 

microwave power, and ΔPr is the change in Pr upon exposure to 

light) was converted into the product of the quantum yield (φ) 

and sum of the charge carrier mobilities Σμ (= μ+ + μ–) using the 

relationship φΣμ = Δσ(eI0Flight)–1, where e and FLight are the 

electron charge and correction (or filling) factor, respectively. 

The experiments were performed at 25 °C in air. 

First-principles calculation. First-principles calculations were 

performed using CASTEP 2020 (20.1.0.5). The generalized 

gradient approximation (GGA) and the Perdew–Burke–

Ernzerhof (PBE) exchange correlation potential with the 

ultrasoft pseudopotential plane-wave method were used. The 

plane-wave cut-off were set to 570 eV for KGF-32, 630 eV for 

KGF-33, and 490 eV for KGF-34. The Brillouin zones of KGF-32, 

KGF-33, and KGF-34 were sampled with a 4 × 2 × 4 k-point mesh, 

3 × 1 × 1 k-point mesh, and 13 × 19 × 3 k-point mesh, 

respectively. 

Other physical measurements. Elemental analysis was 

performed using A-Rabbit-Science Japan Co., Ltd., Japan. SEM 

textures were recorded using a JEOL scanning electron 

microscope. The acceleration voltage was set at 15 kV. Scanning 

electron microscopy (SEM) images were acquired using a JEOL 

JCM-6000 instrument. All samples were sputter-coated with Au 

prior to analysis. Powder X-ray diffraction (PXRD) was 

performed on a Rigaku MiniFlex600 diffractometer at 40 kV and 

15 mA using a Cu target tube. Samples were examined without 

grinding, and data were collected in the 5–50° 2θ range using 

Cu-Kα radiation (λ = 1.54187 Å). Thermogravimetric analysis 

(TGA) was performed on a Shimadzu DTG-60 instrument. The 

analysis was conducted in the temperature range of 30–500 °C, 

with a heating rate of 10 °C min–1, under an N2 atmosphere. 
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